Abstract In the present study, the daily relative growth rates (DRGR, in percent per day) of the red macroalga Gracilaria domingensis in synthetic seawater was investigated for the combined influence of five factors, i.e., light (L), temperature (T), nitrate (N), phosphate (P), and molybdate (M), using a statistical design method. The ranges of the experimental cultivation conditions were T, 18-26°C; L, 74-162 μmol photons m −2 s . In additional, these growth rate values are close to the growth rate values in natural medium (von Stosch medium), i.e., 6.5-7.0% d −1
Introduction
Macroalgae play an important role in energy transformation and nutrient cycling in coastal and estuarine ecosystems. They produce numerous compounds of economic interest and have been used for centuries for human nutrition (Gressler et al. 2011) . Substances biosynthesized by algae have an economic impact in food science, the pharmaceutical industry, and public health. For example, metabolites with different pharmacological activities such as carotenoids, mycosporines, lipids, and polysaccharides have been identified in algae (Cardozo et al. 2007; . Within the red macroalgae, the genus Gracilaria, represented by more than 100 species (Oliveira and Plastino 1994) living in warm water areas (Steentoft and Farham 1997) , is notable for its economic importance as a source of agar (Murano 1995; Gressler et al. 2010) . In general, the Gracilaria species have been studied at the physiological, biochemical, and Electronic supplementary material The online version of this article (doi:10.1007/s10811-012-9797-1) contains supplementary material, which is available to authorized users. molecular levels (Rossa et al. 2002; Falcão et al. 2008; Falcão et al. 2010; Collén et al. 2011 ).
In the above-mentioned studies, researchers have typically used natural seawater medium for culturing Gracilaria species. In part, this is due to the cost of the reagents required for the preparation of alternative synthetic media. Seawater is a complex medium containing a large and variable number of inorganic and organic species (Harrison and Berges 2005 ) that are always changing. A major dilemma is the determination and quantification and distribution of the chemical forms present due to speciation. Hence, the development of adequate synthetic culture media optimized for culturing macroalgae can be essential in experiments involving management or modification of micronutrients and macronutrient concentrations, mobility, and bioavailability of compounds (individual and binary mixture of inorganic and organic) since computational chemical equilibrium software (e.g., MINTEQA2, U.S. Environmental Protection Agency) permits calculation of the speciation and minimization of the total equilibrium activity. In addition, the use of synthetic seawater can overcome the problems of supply and variability of composition, e.g., salinity, organic matter, and dissolved organic carbon, of natural seawater, while reducing the risk of contamination by metal ions (e.g., Ag ) (Kaladharan 2000; Berges et al. 2001) .
Based on the considerations above, we have determined in this work the optimal culture conditions and nutrients for the red macroalga Gracilaria domingensis (Kütz.) Sonder ex Dickie (Gracilariales, Rhodophyta) in an artificial medium using a factorial design technique. Experimental design has been widely employed for the optimization of various types of processes, in particular, for the optimization of the culture medium for fungus (Mendes et al. 2008) , involving the effects of multiple factors and their influences on the system. For culturing of Gracilaria species, ensuring rapid growth rates, the most important environmental factors are temperature, light intensity, and nutrients (Lee et al. 2007 ). The most favorable conditions for cultivation were obtained by using analysis of variance (ANOVA) multivariate factorial analysis of the effects of temperature (T) and light (L), as well as nitrate (N), phosphate (P), and molybdate (M) concentrations.
Materials and methods
Experiments were carried out to evaluate the effects of combined changes of L, T, and nutrient concentrations (N, P, and M) on the growth rates of G. domingensis in a synthetic seawater medium. During the experiments, G. domingensis cultures were maintained in a climatic chamber (HotPack) Preparation of the synthetic seawater medium
The compounds were purchased from Sigma-Aldrich and Merck (ASC, reagent grade, 90-99% purity). All stock solutions were prepared with deionized water (Milli-Q System, Millipore Simplicity). The synthetic seawater culture medium was prepared as described previously (Iwasaki 1961) with the concentrations per liter indicated (Table 1) at pH 7.9±0.3 and a salinity of 33.5±0.5‰.
Determination of the growth rates
Fourteen apical segments (3-4 mm) of G. domingensis from unialgal culture were transferred to 250-mL Erlenmeyer flasks containing 150 mL of synthetic medium. The cultures were maintained in a chamber for 160 days for acclimatization (at 22±2°C under 75±5 μmol photons m −2 s −1 light with a 14:10-h light/dark cycle). Medium renewal was carried out every week. Prior to starting the multivariate ANOVA experiments, apical segments were incubated for 3 days in the conditions of the factorial design. On the third day, segments (ca. 3-4) weighing 5.6±0.5 mg were transferred to a fresh medium and the optimization experiments initiated. The values of the daily relative growth rates (DRGR; in percent per day) were based on the fresh biomass measured on days 0, 3, 7, 10, and 13 after the beginning of the experiments. The DRGR (in percent per day) of the fresh biomass was estimated from the difference between the natural logarithms of the initial (W i ) and final (W f ) measured fresh weight (in micrograms) divided by the interval in days, d, between the initial and final measurements according to Raikar et al. 2001 and Kakita and Kamishima 2006 (Eq. 1) :
Development of experimental design
The "ANOVA Factorial Design" consists of selecting a small number of representative experiments within the experimental domain of interest to study the influence of the process variables (called factors) on the output variables (called responses) (Goupy and Creighton 2007) . Factors are the independent variables of interest and levels are experimental conditions related to a given factor (Mendes et al. 2008) . The effect of the environmental factors considered here on the growth rate of the macroalga G. domingensis would lead to 243 (3 5 factorial design) individual experimental conditions. Based on the results of individual trials of the factors, a minimal number of experiments were identified using the software STATISTICA 9.1 (StatSoft Inc. 2010). The experiments were monitored for a total of 13 days (Table 2 ). The aim was to maximize the DRGR (in percent per day) values as a function of the above factors to determine the optimal conditions. The standardized effects of the independent variables and their interactions on the dependent variable were investigated by organizing a Pareto chart. The combined results of the experiments were analyzed by factorial ANOVA (including two-way linear/quadratic interactions), regression analysis, and response surface methodology (RSM) (Goupy and Creighton 2007) . For the levels of the factors studied, it can be assumed that the DRGR (in percent per day) values were described by a function of the form:
The experimental data were fit by using the following polynomial equation (Eq. 2):
where y is the desired response (dependent variable), k is the number of the patterns, i and j are the index numbers for pattern, x i and x j are the factors, and b n are the coefficients of the linear regression. This functional form takes into account the linear (b i x i ), quadratic effects (b ii x i 2 ) of the individual factors, as well as the effects of interaction (b ij x i x j ) between the factors, and e is the random error or allows for discrepancies or uncertainties between predicted and measured values.
Results

Determination of the growth rates by experimental design
From a small number of representative experiments, after factorial trials, we selected 32 experiments plus 6 repetitions at the central point (ANOVA 2 5 full factorial design), with the following ranges of the individual factors: L, 74-162 μmol photons m −2 s
. Table 3 shows the results for the environmental factors examined in our experimental design and analyzed by means of ANOVA. The most advantageous conditions, with a DRGR >5% d ) at 26°C (from 7 to 10 days of cultivation). Except for M, the linear effects of the other factors were statistically significant (α00.05, ANOVA):
), N (p00.00004), and P (p0 0.01545) (see Electronic supplementary material (ESM), Table SI1 ). Of the quadratic terms, only that for L (p0 0.00013) was significant. Two interactions between factors were statistically significant, i.e., T vs. L (p00.01327) N vs. T (p00.00025).
The standardized effects (the effects normalized by the standard error) of these factors (independent variables and their influence on the dependent variable) were depicted as a Pareto chart (Fig. 1) , a graphical tool for decision-making regarding the significance of data. This chart shows that the main individual effects were positive for T (18.8) and N (5.1) and negative for P (−2.6) and the quadratic term in L (−4.7). The interaction between the T vs. L terms (−2.7) was negative and between the N vs. T terms (4.4) was positive, inside the reference line (Fig. 1) . The stock solution of NTA was prepared in 0.0010 mol L −1 NaOH medium. The pH of the Tris buffer was adjusted to 8.0 with concentrated HCl Table 2 Low, median, and high levels of the factors studied (2 5 032 experiments plus six repetitions at the central point) by factorial design 74  18  8  40  1  median  118  22  12  60  3  high  162  26  16  80  5 The acronyms are factors L light, T temperature, P phosphate, N nitrate, M molybdate The polynomial model shown in Eq. 2 provided, as the best fit regression model for the experimental data, the relationship: DRGR (in percent per day) 0−11.4212 + 0.1394 L + 0.3548 T − 0.0773 N − 0.0012LT + 0.0044TN − 0.0005L 2 (see ESM, Table SI2 ). In the regression model, statistically significant (α 00.05 ANOVA) terms were obtained for L, T, and N. The regression model failed to show statistical significance for the P factor, despite its significant effect in ANOVA. Consequently, the combined ANOVA and regression analysis indicated that enhanced DRGR (in percent per day) values were obtained at high levels of T and N, medium levels of L, and low levels of P. On the other hand, M was left at its central value since variation of its concentration had no effect in the chosen experimental domain. The two-way analysis model (linear/quadratic interaction) provided a good correlation between the experimental and predicted DRGR values (R adjusted 2 00.9540) (see ESM, Fig. SI1 ). The (RSM), which permit the investigation of two variables simultaneously to determine regions of maximum response, was used for the environmental factors of the greatest significance for the growth of G. domingensis in synthetic seawater culture medium, i.e., T vs. L and T vs. N. RSM contour plots facilitate the examination of the effects of experimental factors on the responses. To construct the RSM, a pair of variables is depicted over the entire experimental domain with all the other variables fixed at their median values. The results of application of RSM for the factors studied are shown in Fig. 2a, b . Fig. 1 Pareto chart for the standardized effect of the variables and their interactions. The symbols refer to the linear effect (X L ) and quadratic effects (X Q ) of the factors studied Fig. 2 Response surfaces for the experimental DRGR (in percent per day) data, showing the effect of the mutual interactions between pairs of independent variables: a the pronounced quadratic effect of light (L) and its interaction with temperature (T); and b the interaction between nitrate (N) and temperature (T) (intensified at high levels) Optimized conditions were defined by an analysis of the desirability for the variables. The relationship between the responses predicted for one or more dependent variables and the desirability of the responses is called the desirability function, which is obtained by specifying the desirability function for each dependent variable and assigning a score ranging from 0 (very undesirable) to 1 (very desirable) to the predicted values (Lewicki and Hill 2005) . Computing the geometric mean then combines the individual desirability scores of the predicted values for each dependent variable, the desirability functions for each variable are depicted in Fig. 3 . The optimum conditions were obtained at the intermediate level for all factors. Our data suggest that the optimal conditions for fast growth rates are L, 74-109.2 μmol photons m
N, 80 μmol L −1 ; and M, 5 nmol L −1 . In order to reduce experimental costs, the preferred conditions for the culture of G. domingensis seaweed in the laboratory were chosen to be the lower limit of the range of each variable, i.e., L, 74 μmol photons m
Discussion
The traditional approach to developing an optimization is to change one variable at a time. Using this method, it is difficult to develop a fully optimized process because the method reveals nothing about the interactions between the different factors (Yetilmezsoy et al. 2009 ). We selected the full factorial design because of its potential to detect interactions between the five factors employing three levels of each factor. As shown in Fig. 1 , the Pareto chart, which depicts the main effects of the independent and interaction factors (Yetilmezsoy et al. 2009 ), clearly indicated that the DRGR values are strongly affected by the variables selected for the experimental design. The positive coefficients ( Fig. 1) of the model factors T, N, and N vs. T indicated a favorable effect on the DRGR values, i.e., an increase in the amount of T and N results in an increase in the DRGR for the seaweed G. domingensis. On the other hand, the negative coefficients of the model factors L, P, and T vs. L indicated an unfavorable effect on the DRGR for the seaweed G. domingensis. The other model factors, below the reference line, did not contribute significantly to the prediction model for the growth rates of the macroalga in the synthetic medium. The RSM (Fig. 2 ) was used to show the effects of the mutual interaction between pairs of independent variables (T vs. L and N vs. T), i.e., evaluation of the relationship between a cluster of controlled experimental factors and measured responses (Yetilmezsoy et al. 2009 ). Figure 2a shows that an increase in T (from 18°C to 26°C) and a decrease in L (from 162 to 74 μmol photons m (Fig. 2b) .
Although the effect of T might suggest a further increase, Fig. 3 The individual normalized DRGR desirability profiles for the factors studied. The abbreviations refer to the factors: L light, T temperature, P phosphate, N nitrate, and M molybdate its value was fixed at 26°C because additional experiments showed that an increase of T above this limit caused a decrease of the DRGR values. In summary, this strongly suggests that T vs. L and N vs. T are the interactions between environmental factors of the greatest significance for growth of G. domingensis in artificial medium (from 7 to 10 days of cultivation).
The results obtained in the present work can be explained, in part, by the fact that T and L and their mutual interaction can cause both positive and negative effects on photosynthetic capacity, respiration, pigment level, and nitrate, and nitrite assimilation rates (Hershey 1991; Berges et al. 1995; Sigaud-Kutner et al. 2002; Pinto et al. 2003; Lee et al. 2007 ). For example, experiments performed at high values of T (30°C) for 13 days show a significant decline in the growth rates of the macroalga (≅0% d −1 ). On the other hand, N has been considered to contain components (proteins and nucleic acids) indispensable for the metabolic process (Aparicio and Quiñones 1991; Gao et al. 1992; Falcão et al. 2010 ). Analogous to T, the experiments performed at high values of N (from 100 to 200 μmol L −1 ), in the optimal condition, had no significant effects on growth rates of G. domingensis. However, upon applying the polynomial model, P and M failed to have statistical significance over this experimental domain, despite the significant effect in ANOVA. Nonetheless, P is an essential component of nucleic acids and many metabolic intermediates such as sugar phosphates and adenosine phosphates, which are an integral part of the metabolism of all life forms (Correll 1998) . M is a constituent of several key enzymes involved in nitrogen metabolism (nitrate assimilation) for growth of the alga (Cole et al. 1986 ). An excess of MoO 4 2− ions can interfere with the respiratory rate and chlorophyll synthesis (Fargosova 1998) , inducing toxicity and, consequently, resulting in a significant decline in the growth rates.
After studying the effect of the independent factors on the responses, the optimum conditions were obtained for the intermediate level of all factors, Fig. 3 (desirability plot) , i.e., L, 74 μmol photons m −2 s −1 ; N, 80 μmol L −1 ; T, 26°C; P, 8 μmol L −1 ; and M, 1 nmol L −1 . As discussed previously, the desirability method is based on transforming the measured property of each response to a dimensionless desirability scale, defined as a partial desirability function whose value varies from 0 for an undesirable response to 1 for a desirable response (Mendes et al. 2008) . Finally, the synthetic seawater medium optimized by experimental design can be used to perform mobility and bioavailability tests in which the constituents are well defined. In such a chemically defined model system, the equilibrium concentrations of all appropriate chemical species can be calculated (e.g., MINTEQA2, US Environmental Protection Agency) and varied by the addition of ligands with known binding properties (Blust et al. 1986 ). In addition, in the synthetic seawater medium optimized by factorial design, the growth rates values (6.5% d −1 ) are quite close to those encountered in natural seawater medium (von Stosch (VSES/2), i.e., 6.5-7.0% d −1 .
